
Laboratory Investigation (2019) 99:499–513
https://doi.org/10.1038/s41374-018-0135-3

ARTICLE

The role of Ca2+ in acid-sensing ion channel 1a-mediated
chondrocyte pyroptosis in rat adjuvant arthritis

Xiaoshan Wu1
● Guiling Ren2

● Renpeng Zhou3
● Jinfang Ge3 ● Fei-Hu Chen3

Received: 4 April 2018 / Revised: 22 June 2018 / Accepted: 18 July 2018 / Published online: 28 November 2018
© United States & Canadian Academy of Pathology 2018

Abstract
Rheumatoid arthritis is an autoimmune disease with a poor prognosis. Pyroptosis is a type of proinflammatory programmed
cell death that is characterised by the activation of caspase-1 and secretion of the proinflammatory cytokines interleukin (IL)-
1β/18. Previous reports have shown that pyroptosis is closely related to the development of some autoimmune diseases, such
as rheumatoid arthritis. The decrease in the pH of joint fluid is a main pathogenic feature of RA and leads to excessive
apoptosis in chondrocytes. Acid-sensitive ion channels (ASICs) are extracellular H+-activated cation channels that mainly
influence Na+ and Ca2+ permeability. In this study, we investigated the role of Ca2+ in acid-sensing ion channel 1a-mediated
chondrocyte pyroptosis in an adjuvant arthritis rat model. The expression of apoptosis-associated speck-like protein, NLRP3,
caspase-1, ASIC 1a, IL-1β and IL-18 was upregulated in the joints of rats compared with that in normal rats, but the
expression of Col2a in cartilage was decreased. However, these changes were reversed by amiloride, which is an inhibitor of
ASIC1a. Extracellular acidosis significantly increased the expression of ASIC1a, IL-1β, IL-18, ASC, NLRP3 and caspase-1
and promoted the release of lactate dehydrogenase. Interestingly, Psalmotoxin-1 (Pctx-1) and BAPTA-AM inhibited these
effects. These results indicate that ASIC1a mediates pyroptosis in chondrocytes from AA rats. The underlying mechanism
may be associated with the ability of ASIC1a to promote [Ca2+]i and upregulate the expression of the NLRP3
inflammasome.

Introduction

Rheumatoid arthritis (RA) is a chronic systemic auto-
immune disease with a high incidence and a poor prognosis
that mainly affects the ambient joints [1, 2]. The main
pathological features of RA in patients, include hyperplasia
of synovial cells, pannus formation and infiltration of a
variety of inflammatory cells [3], causing erosion and
destruction in articular cartilage and bone [4]. Studies have
shown that the intra-articular accumulation of inflammatory

metabolites results in a decrease in the pH of joint fluid,
which can be reduced to a pH of 6.0 or even lower. The
decrease in pH is a main pathogenic feature of RA that leads
to excessive apoptosis in chondrocytes [5, 6], which even-
tually causes pathological changes in the joints. Studies
have also found that the proinflammatory cytokines inter-
leukin (IL)-1β, IL-6 and IL-18 play a vital role in the
destruction of articular cartilage and chondrocyte apoptosis
in RA [7]. Although many studies have recently investi-
gated RA, the specific mechanism of RA remains vague. To
date, the clinical treatment of RA includes anti-COX2
drugs, corticosteroid drugs, disease-modifying anti-rheu-
matic drugs and some novel biological drugs [8–12].
However, the limited efficacy and side effects of these drugs
limit their clinical application; therefore, this disease still
has a high rate of morbidity due to adverse cardiovascular
complications and diabetes [13].

Pyroptosis is a type of proinflammatory programmed cell
death [14] that is characterised by the activation of caspase-1
and the secretion of the proinflammatory cytokines IL-1β/18
[15–17]. Pyroptosis is closely related to the innate immune
system, which is essential for resistance to infection by
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microbial pathogens, and involves the activation of the multi-
protein complex known as the inflammasome [18, 19]. The
inflammasome is a large multi-protein complex located in the
cytoplasm. Its main function is to activate caspase-1 and
further promote the cleavage and maturity of the proin-
flammatory cytokine IL-1β/18 [20, 21]. The inflammasome
consists of three proteins, including receptor proteins,
apoptosis-associated speck-like protein (ASC) and effect
molecule pro-caspase-1 [22]. Depending on the type of
receptor protein, inflammasomes are classified into four
categories: NLRP1 [23], NLRP3 [24], and NLRC4 [25] and
the AIM2 [26, 27] inflammasome. The classical signalling
pathway of pyroptosis mediated by caspase-1 is activated in
cells exposed to ATP, uric acid crystallisation, dsDNA, alum,
Ca2+, bacterial toxins and H+ [28–31].

Pyroptosis is closely related to the development of many
complex diseases, such as bacterial infection, athero-
sclerotic disease and some neurological systemic diseases
[32, 33]; and also contributes to some autoimmune diseases,
such as RA [34, 35], suggesting that pyroptosis may be
involved in the development of RA. Furthermore, extra-
cellular acidosis induces the synthesis and secretion of the
proinflammatory cytokine IL-1β in macrophages via the
upregulation of the expression of the NLRP3 inflammasome
[36] and extracellular acidosis induced the synthesis of the
proinflammatory cytokine IL-1β and lead to pyroptosis [37].

Acid-sensitive ion channels (ASICs) represent classes of
extracellular acidosis-activated cation channels belonging to
the degenerin/epithelial Na+ channel family [38]. Thus far,
ASICs have been found to be widely distributed in the
central and peripheral nervous systems. ASICs consists of
seven members, ASIC1a, 1b, 1b2, 2a, 2b, 3 and 4, encoded
by four homologous genes [39–41]. ASIC1a is a unique
subunit that transports calcium ions, while the other ASICs
influence only sodium ions [42]. Various pathological
conditions, such as inflammation, ischaemia, tumours and
epilepsy, are related to the activation of ASIC1a [43, 44],
suggesting that ASIC1a broadly participates in pathophy-
siological processes in individuals.

Our previous study indicated that ASIC1a, 2a and 3 are
present in articular chondrocytes in rats, and that these
proteins are upregulated in chondrocytes in rats with adju-
vant arthritis. Furthermore, ASIC1a mediates chondrocyte
apoptosis induced by extracellular acidosis by increasing
intracellular [Ca2+]i [39]. Apoptosis occurs in articular
chondrocytes in RA, and blocking ASIC1a by amiloride
reduced apoptosis in articular chondrocytes induced by
extracellular acidosis [40].

In summary, it has already been determined that apop-
tosis in chondrocytes occurring in RA is accompanied by
the release of large amounts of proinflammatory cytokines.
Extracellular acidosis (pH 6.0) can significantly induce
apoptosis in articular chondrocytes in a pH-dependent

manner. These phenomena are consistent with the features
of pyroptosis, but whether chondrocyte pyroptosis is
involved in the course of RA remains unclear.

In this study, we investigated the role of Ca2+ in
ASIC1a-mediated chondrocyte pyroptosis in AA rats both
in vivo and in vitro. First, we investigated pyroptosis in
chondrocytes in AA rats and then observed the effects of
ASIC1a on pyroptosis in chondrocytes by blocking
ASIC1a. In vitro, we induced extracellular acidosis to
simulate the microenvironment of chondrocytes in RA and
studied the possible mechanism.

Materials and methods

Construction of an adjuvant arthritis model and
administration

All experiments were approved by Anhui Medical Uni-
versity, and the methods were carried out in accordance
with the relevant guidelines and regulations. All animals
were cared for in compliance with the guidelines for Animal
Care and Use of Laboratory Animals set by the Association
of Laboratory Animal Sciences and the Center for
Laboratory Animal Sciences at Anhui Medical University.

Forty young adult male Sprague–Dawley (SD) rats
weighing 160–180 g were randomly divided into four
groups (the normal group, model group, aspirin group and
amiloride group). The AA rat model was established by an
intradermal injection of 100 µl of Freund’s complete adju-
vant (20 mg/ml) into the left hind paw. The volume of the
right hind paws of the rats was measured on day 0, day 10,
day 14, day 21 and day 28 to assess inflammation in the AA
rats. The rats in the aspirin group received aspirin (50 mg/
kg, sigma) by gavage once a day, the rats in the amiloride
group received an intraperitoneal injection of amiloride
(100 mg/kg, sigma) once a day, and the rats in the model
group received an intraperitoneal injection of normal saline
as a control during the third week after modelling. All rats
were sacrificed on day 28. The plasma of the rats was
collected for the detection of the proinflammatory cytokines
IL-1β/18. The ankle joints were collected for HE staining
and immunohistochemistry, and the hind knee joints were
prepared for the extraction of the total protein and RNA
from the articular cartilage.

Ankle histopathological examination

The ankle joints were fixed with 4% paraformaldehyde for
48 h, followed by decalcification with 10% EDTA solution
for 2 months. The tissues were dehydrated, embedded in
paraffin and cut into thick slices (5–7 µm). The slices were
stained with haematoxylin and eosin staining dyes. The
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pathological changes in the ankle were observed under an
inverted microscope.

Immunohistochemistry of type II collagen (Col 2a) in
the ankle cartilage

The tissue slices were obtained as previously described, and
the expression levels of Col 2a in the ankle cartilage was
assessed by immunohistochemistry staining. The steps were
performed in accordance with the instructions of the SP
immunohistochemical kits (Zhongshan Jinqiao, China). The
microscope photographs were analysed by Image-Pro.

Isolation and culture of primary articular
chondrocytes

Articular chondrocytes were obtained from young male SD
rats as previously described [39]. The knee cartilage was cut
into small pieces (1 mm3) and then incubated with trypsin
solution for 30 min, followed by incubation with type II
collagenase (0.2%) for 3 h After digestion, the free cells
were centrifuged for 5 min at 1000 rpm and resuspended in
phosphate buffered saline (PBS). The fresh free cells were
plated at a density of 2 × 104 cells/well in plates that had
been previously immersed in plastic dishes filled with cul-
ture medium (DMEM supplemented with 2 mM glutamine,
100 IU/ml penicillin, 100 µg/ml streptomycin and 10%
FBS). The chondrocytes were cultured at 37℃ in an
environment with 5% CO2 for 2 days. The supernatant was
replaced with fresh medium after the cells had adhered
completely. All chondrocytes were third to fourth
generation.

Reverse transcription and real-time PCR

The primary articular chondrocytes were transfected with
ASIC1a shRNA (Forward:5′-CACCGCCAAGAAGTTCA
ACAAATCGTTCAAGAGACGATTTGTTGAACTTCTT
GGCTTTTTTG-3′; Reverse:5′-GATCCAAAAAAGCCAA
GAAGTTCAACA AATCGTCTCTTGAACGATTTGTTG
AACTTCTTGGC-3′) or pre-incubated with the ASIC1a
specific inhibitor Pctx-1 (100 ng/ml, Phoenix Pharmaceu-
ticals) and Calcium chelator BAPTA-AM (10 µM,
TOCRIS) for 1 h, followed by adjustment of the cell culture
medium pH to 6.0 for 48 h. The chondrocytes were lysed by
TRIzol reagent, and the total RNA was extracted by
Chloroform. The total RNA (1 µg) was reverse transcribed
into cDNA according to the manual instructions of the
TAKARA kit, and the cDNA was used for the real-time
polymerase chain reaction (PCR) process. The real-time
PCR primer sequences for ASIC1a, caspase-1, ASC,
NLRP3, IL-1β, IL-18 and β-actin were designed as follows
(Table 1). The primers were all designed and synthesised by

Shanghai Biology Engineering Corporation. The total
volume of the real-time PCR reaction system was 10 µl,
including 0.3 µl of the primers for the upstream and
downstream genes, followed by the addition of 5 µl SYBR
Green and 3.9 µl enzyme-free water. Finally, 0.5 µl cDNA
were added to the mixture. The cDNA was first incubated
for 10 min at 95℃, followed by the cycle conditions of
denaturation at 95℃ for 15 s, annealing at 60℃ for 30 s,
and extension at 72℃ for 30 s. The system automatic
amplification cycles were set to 40 cycles for each primer.
The entire process was conducted with Piko Real Software
of Thermo.

Western blotting

The primary articular chondrocytes were pre-incubated as
previously described. The total protein was extracted from a
cell using RIPA protein lysates (150 mmol/l NaCl, 1.0%
Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dode-
cylsulfate (SDS), 50 mmol/l Tris and pH 8.0), and the
supernatant of the mixture from each group was quantified
by a fluorescent protein quantitative instrument (NanoDrop
2000, Thermo). The total protein samples from each group
were separated by 10% SDS polyacrylamide gel electro-
phoresis and then blotted onto a polyvinylidene difluoride
(PVDF) membrane. The membrane was incubated with 5%
skim milk for 3 h and then probed with specific primary
affinity-purified antibodies against ASIC1a (Alomone
Labs,1:1000), caspase-1 p10 (Bioss,1:500), ASC
(Bioss,1:500), NLRP3 (Bioss,1:500), Agg (Cell Signalling
Technology,1:1000), Col 2a (Bioss,1:500) and β-actin
(Bioss,1:500) overnight, followed by incubation with sec-
ondary antibodies for 1 h. The PVDF membrane was

Table 1 Primer sequences of several genes for real-time PCR

Gene Sequences Length
(bp)

ASC F:5′-TTATGGAAGAGTCTGGAGCTGTGG-3′ 101

R:5′-AATGAGTGCTTGCCTGTGTTGG-3′
NLRP3 F:5′-CAGACCTCCAAGACCACGACTG-3′ 127

R:5′-CATCCGCAGCCAATGAACAGAG-3′
Caspase-1 F:5′-TGCCTGGTCTTGTGACTTGGAG-3′ 133

R:5′-ATGTCCTGGGAAGAGGTAGAAACG-3′
IL-1β F:5′-CTCAACTGTGAAATAGCAGCTTTC-3′ 110

R:5′-GGACAGCCCAAGTCAAGG-3′
IL-18 F: 5′-ATATCGACCGAACAGCCAAC-3′ 105

R:5′-TTCCATCCTTCACAGATAGGG-3′
ASIC1a R:5′-GGCCAACTTCCGTAGCTTCA-3′ 67

R:5′-ATGCCCTGCTCTGTCGTAGAA-3′
β-actin F:5′-GGAGATTACTGCCCTGGCTCCTA-3′ 150

R:5′-GACTCATCGTACTCCTGCTTGCTG-3′
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exposed and photographed using a chemiluminescence
ECL kit.

Immunofluorescence of ASC and NLRP3

The primary articular chondrocytes were stimulated by pH
6.0 with or without Pctx-1 and BAPTA-AM once the cell
density reached 60–70%. The cells were fixed with acetone
for 15 min, followed by incubation with Triton X-100
(0.3% in PBS) for 15 min and H2O2 (3% in PBS) for 15 min
to clear the effect of endogenous peroxidase. Furthermore,
the cells were incubated with bovine serum albumin (5% in
PBS) for 30 min at room temperature to fix the sites and
overnight with ASC and NLRP3 antibodies diluted to
1:200. PBS served as a negative control instead of the
primary antibody. After probing, the cells were incubated
with a fluorescent secondary antibody (1:200) in the dark
for 30 min and dyed with DAPI solution. The microscope
photographs were analysed by Image-Pro.

Enzyme-linked immunosorbent assay (ELISA) of IL-
1β and IL-18

The primary articular chondrocytes were pre-incubated as
previously mentioned. The cell culture media were collected
and centrifuged at 1000×g for 20 min to remove cell debris
and impurities. Rat plasma obtained from the in vivo
experiment was centrifuged at 1000×g for 15 min within
20 min of the sample collection. The IL-1β/18 enzyme-
linked immunosorbent assay (ELISA) process was per-
formed in accordance with the users’ operating instruction
procedures by Elab Science. The determination of the
optical density value of each well was conducted with a
microplate reader set to 450 nm, and the absorbance was set
into the standard curve to calculate the content of the
proinflammatory cytokines IL-1β/18.

Lactate dehydrogenase (LDH) release assay

The lactate dehydrogenase (LDH) assessment process was
performed in accordance with the users’ operating instruc-
tion procedure of the LDH Cytotoxicity Detection Kit by
Beyotime Biotechnology. The 96-well cell culture plate was
divided into negative control wells, the largest activity wells
and drug treatment wells. The chondrocytes in the drug
treatment wells were pre-incubated as previously described.
The LDH release agent (20 µl) was added to the largest
activity wells 1 h before the scheduled time and cultured in
an incubator for 1 h. The cell plate was centrifuged at 400×g
for 5 min, and then, 120 µl of the supernatant were trans-
ferred to a new, fresh 96-well plate, followed by the
detection of the absorbance at 490 nm by a full wavelength
microplate reader.

AO/EB staining

The AO and EB powders were dissolved to 100 μg/ml with
PBS buffer to prepare the stock solutions and mixed in
equal parts before the experiment. Primary articular chon-
drocytes were seeded on slips that were sterile and clean
and then pre-incubated as previously described. The slips
were washed twice with PBS buffer, and the AO/EB
staining dye working solution was added to the slips for
15 s. The death rate of the chondrocytes was observed, and
the chondrocytes were photographed under a fluorescence
inverted microscope. The microscope photographs were
analysed by Image-Pro.

Laser scanning confocal microscopy for intracellular
calcium

The primary articular chondrocytes were pre-incubated and
intracellular calcium imaging was performed as previously
described [45]. The cells were incubated with 4 µM Fluo-3-
AM and 0.02% Pluronic F-127 (Biotium) for 30 min at
37 °C. The fluorescence of intracellular Fluo-3 was quan-
titated by confocal laser scanning fluorescence microscopy
(Zeiss). After recording the basic fluorescence intensity for
approximately 100 s, the acidic solution (pH 6.0) was added
directly with a pipette far from the recorded cells. The
recording continued throughout the continued addition of
the acidic solution and lasted for approximately 10 min.
Each time, seven cells were measured, and the mean value
of the fluorescence of each cell was calculated. The inten-
sity of the fluorescence of individual cells was measured
using LSM 5 Image software.

Statistics

The results of the study are expressed as the means ± SEM
of three independent experiments. The analyses of the data
obtained from the different treatment groups were com-
pleted with a single factor analysis of variance (ANOVA). P
values < 0.05 were considered significant.

Results

Amiloride ameliorated and inhibited pyroptosis in
the articular cartilage

Figure 1a shows that the AA model was successfully
established by day 14. The paws and ankle joints of the
AA rats were significantly swollen compared with normal
rats, and the generation of rheumatoid nodules was
observed in their tails. As shown in Fig. 1b, c, significant
articular changes, including hyperplasia of the synovium,
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thickening of the lining layer, formation of pannus and
infiltration of a variety of inflammatory cells, were
observed in the AA rats. In addition, rats treated with the
classic nonsteroidal anti-inflammatory drug aspirin
(50 mg/kg) and the ASIC1a inhibitor amiloride (100 mg/
kg) improved prognoses in terms of the pathological

articular changes and upregulation of articular cartilage
matrix Col 2a.

Figure 2 illustrates pyroptosis in the articular chon-
drocytes in the AA model. Figure 2a shows that the mRNA
of ASIC1a, ASC, NLRP3, caspase-1 and the proin-
flammatory cytokines IL-1β and IL-18 sufficiently

Fig. 1 Effects of amiloride on AA progression and the identification of
primary rat articular chondrocytes. a Photograph of rats on day 14;
b Amiloride inhibited the pathological changes in articular tissues
from AA rats as observed by HE staining; c Amiloride inhibited the
expression of type 2 collagen as observed by immunohistochemistry.

d Isolation, culture and identification of primary rat articular chon-
drocytes (a, b primary articular chondrocytes isolated after 2 and
4 days. c Primary articular chondrocytes covered the bottom fully; d, e
chondrocytes identified by Col 2a and Agg staining)
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increased in the tissues obtained from the AA rats’ articular
cartilage, but in the aspirin- and amiloride-treated groups,
the upregulation of these genes was repressed. We then
studied the effects of amiloride on the protein expression of
pyroptosis-related proteins and components of the articular

cartilage extracellular matrix, i.e., Agg and Col 2a. The
results (Fig. 2b, c) demonstrate that Agg and Col 2a
decreased sharply under the AA conditions, but aspirin and
amiloride reversed the degeneration of these two proteins.
Western blotting of ASC, NLRP3, caspase-1p10 and

Fig. 2 Amiloride inhibited pyroptosis in articular chondrocytes in AA
rats. a Amiloride attenuated the mRNA expression of ASC, NLRP3,
caspase-1, IL-1β, IL-18 and ASIC1a by real-time PCR in articular
cartilage tissues. b Amiloride attenuated the protein expression of Agg,
Col2a and ASIC1a by western blotting. c Amiloride attenuated

the protein levels of ASC, NLRP3 and cleaved caspase-1 p10.
d Amiloride downregulated the levels of IL-1β and IL-18 by ELISA in
the plasma of rats. The data are presented as the mean ± SEM of five
rats, *P < 0.05, **P < 0.01 vs. normal group; #P < 0.05, ##P < 0.01 vs.
model group
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ASIC1a showed similar trends. The results of ELISAs for
IL-1β and IL-18 (Fig. 2d) in the plasma from the four
groups of rats showed that the AA rats had a higher level of
the proinflammatory cytokines IL-1β and IL-18 than the rats
in the normal group, but that aspirin and amiloride could
suppress these effects.

Isolation, culture and identification of rat articular
chondrocytes

The primary articular chondrocytes were obtained as pre-
viously described. After extraction, the cells were round and
adhered to the bottom of the plate after 48 h (Fig. 1d, panel
a). Initially, the chondrocytes proliferated slowly (Fig. 1d,
panel b), but after 7 days of culture, the chondrocytes were
confluent (Fig. 1d, panel c). The extracellular space stained
positive for Col 2a and Agg, indicating that the isolated
cells were indeed primary articular chondrocytes.

Extracellular acidosis induced pyroptosis in primary
articular chondrocytes

Other studies have indicated that extracellular acidosis
promotes the secretion of the proinflammatory cytokines L-
1β and IL-18 in macrophages by inducing the expression of
the NLRP3 inflammasome. We stimulated primary articular
chondrocytes with several pH levels, including pH 6.0, for
different times to observe pyroptosis in the primary articular
chondrocytes. Figures 3a, 4a show that extracellular
acidosis could increase the protein expression of ASC,
NLRP3, cleaved caspase-1p10 and ASIC1a and that sti-
mulation with pH 6.0 generated significant effects (Fig. 3b).
The results of the real-time PCR analysis of ASC, NLRP3
and caspase-1 showed the same phenomenon as the western
blotting results (Fig. 3c), ELISA results of the expression of
IL-1β/IL-18 in the culture medium (Fig. 3d) and the results
of the real-time PCR analysis of the mRNA expression of
IL-1β/IL-18 in the primary articular chondrocytes (Fig. 3e).
The level of LDH was a secondary indicator of pyroptosis.
Figure 4b shows that acidosis can induce the release of
LDH in a time-dependent manner at a pH of 6.0.

Construction of an ASIC1a knock-down model of
chondrocytes

An ASIC1a shRNA sequence was designed and synthesised
by Shanghai Biology Engineering Corporation and then
transfected into primary articular chondrocytes according to
standard operating procedures. We found that ASIC1a
shRNA could be successfully transfected into chondrocytes
(Fig. 4c). The mRNA and protein expression of ASIC1a
was significantly decreased after transfection with ASIC1a
shRNA (Fig. 4d, e), but the empty vector had no effect.

Role of ASIC1a in extracellular acidosis-induced
pyroptosis in primary articular chondrocytes

Previous studies have reported that ASIC1a influences Ca2+

permeability, and increasing intracellular [Ca2+]i significantly
activates the pyroptosis-associated pathway. Therefore,
we investigated the effects of ASIC1a on extracellular
acidosis-induced pyroptosis in primary articular chondrocytes.
Figures 5a, 6b show that the ASIC1a-specific inhibitor Pctx-1
and ASIC1a shRNA attenuated extracellular acidosis-induced
pyroptosis in primary articular chondrocytes through the
detection of ASC, NLRP3 and cleaved caspase-1p10. The
gene expression levels of ASC, NLRP3, caspase-1, IL-1β and
IL-18 (Fig. 5b) and the expression levels of IL-1β and IL-18
in the culture medium were decreased by pre-incubation with
Pctx-1 and transfection with ASIC1a shRNA (Fig. 5c). The
LDH level in the culture medium of the primary articular
chondrocytes (Fig. 5d) was suppressed by Pctx-1. Cells
positive for AO/EB staining are also secondary indicators of
pyroptosis. Figure 6a shows that the chondrocytes in the pH
7.4 group were mostly dyed green, and the chondrocytes in
the pH 6.0 group were mainly stained orange, but Pctx-1
could suppress these effects. These findings indicate that
extracellular acidosis can successfully induce pyroptosis in
primary articular chondrocytes and that the inhibition of
ASIC1a has a beneficial effect.

We investigated the changes in [Ca2+]i in articular
chondrocytes treated with extracellular acidosis. Based on
the confocal micrographs (Fig. 6c, panels a–c) and repre-
sentative traces, the application of extracellular acidosis (pH
6.0) significantly increased [Ca2+]i in the articular chon-
drocytes. The ASIC1a-specific inhibitor Pctx-1 reduced the
amplitude of the [Ca2+]i response to extracellular acidosis.
Therefore, extracellular acidosis-induced pyroptosis in pri-
mary articular chondrocytes may be relevant to ASIC1a-
mediated [Ca2+]i.

Role of Ca2+ in ASIC1a-mediated extracellular
acidosis-induced pyroptosis in primary articular
chondrocytes

As previously mentioned, the concentration of intracellular
Ca2+ is closely associated with pyroptosis in cells. We
investigated whether the increasing intracellular Ca2+ con-
centration was important for ASIC1a-mediated extracellular
acidosis-induced pyroptosis in primary articular chon-
drocytes. Chelating agents, such as Ca2+ BAPTA-AM, can
attenuate extracellular acidosis-induced pyroptosis in pri-
mary articular chondrocytes based on the expression of
ASC, NLRP3 and cleaved caspase-1p10 (Fig. 7a, f).
BAPTA-AM also had a negative effect on the concentra-
tions of IL-1β and IL-18 in the culture medium and the
mRNA expression levels of ASC, NLRP3, caspase-1, IL-1β
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and IL-18 by real-time PCR (Fig. 7b, c). Moreover,
BAPTA-AM could exclude the primary articular chon-
drocytes from extracellular acidosis-induced pyroptosis

(Fig. 7d). The primary articular chondrocytes co-incubated
with pH 6.0 and BAPTA-AM exhibited inhibition of
extracellular acidosis-induced pyroptosis by AO/EB

Fig. 3 Effects of extracellular
acidosis on pyroptosis in
primary articular chondrocytes.
a The effects of treatment with
several pH levels on the protein
levels of ASC, NLRP3, cleaved
caspase-1p10 and ASIC1a.
b The effects of pH
6.0 stimulation on the protein
levels of ASC, NLRP3, cleaved
caspase-1p10 and ASIC1a.
c Real-time PCR analysis of
ASC, NLRP3 and caspase-1 in
primary articular chondrocytes.
d Extracellular acidosis induced
the expression of IL-1β and IL-
18 in culture medium by ELISA.
e Extracellular acidosis induced
the mRNA expression of IL-1β
and IL-18. The data are
presented as the mean ± SEM of
three wells in three independent
experiments, *P < 0.05,
**P < 0.01 vs. pH 7.4 group
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Fig. 4 Effects of extracellular acidosis on pyroptosis in primary
articular chondrocytes and the construction of the ASIC1a knock-
down model. a Extracellular acidosis induced the expression of ASC
and NLRP3 by immunofluorescence. b Extracellular acidosis induced
the release of LDH. c Photographs of chondrocytes after transfection

with ASIC1a shRNA; d, e. ASIC1a shRNA inhibits the mRNA and
protein expression of ASIC1a. The data are presented as the mean ±
SEM of three wells in three independent experiments, *P < 0.05,
**P < 0.01 vs. pH 7.4 group; #P < 0.05, ##P < 0.01 vs. pH 6.0 group
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staining (Fig. 7e). In summary, ASIC1a mediates extra-
cellular acidosis-induced pyroptosis in primary articular
chondrocytes possibly by regulating [Ca2+]i.

Discussion

Several genetic and environmental factors have been
implicated in the development of RA [46, 47], eventually

leading to the erosion of the articular cartilage. Other
studies have indicated that significant apoptosis occurs in
articular chondrocytes during RA, suggesting that the
death of articular chondrocytes plays a critical role in the
progression of RA. One study showed that the proin-
flammatory cytokines IL-1β, IL-6 and IL-18 [7] play a
vital role in the destruction of articular cartilage and
chondrocyte apoptosis; levels of the proinflammatory
cytokines IL-1β and IL-18 were significantly increased in

Fig. 5 Activation of ASIC1a promoted extracellular acidosis-induced
pyroptosis in primary articular chondrocytes. a ASIC1a-specific inhi-
bitor Pctx-1 and ASIC1a shRNA attenuated extracellular acidosis-
induced pyroptosis in primary articular chondrocytes by western
blotting for ASC, NLRP3 and cleaved caspase-1p10. b The negative
effects of Pctx-1 and ASIC1a shRNA on extracellular acidosis-induced

pyroptosis in primary articular chondrocytes. c Pctx-1 and ASIC1a
shRNA attenuated the levels of IL-1β and IL-18 in culture medium.
d Pctx-1 suppressed the release of LDH in primary articular chon-
drocytes. The data are presented as the mean ± SEM of three wells in
three independent experiments, *P < 0.05, **P < 0.01 vs. pH 7.4 group;
#P < 0.05, ##P < 0.01 vs. pH 6.0 group
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AA rats’ plasma and that extracellular acidosis induced
the synthesis of the proinflammatory cytokines IL-1β and
IL-18 in primary chondrocytes. The expression levels of

Col 2 and Agg sharply decreased in the articular cartilage
of the AA rats. This finding is consistent with a previous
study that showed that articular chondrocytes could
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secrete the proinflammatory cytokines IL-1, IL-8 and IL-
18 during osteoarthritis [48].

Recent studies have demonstrated that the incidence of
pyroptosis in several types of cells plays a crucial role in the
pathogenesis of RA [49, 50], suggesting that pyroptosis and
the inflammasome may be involved in the development of
RA. The NLRP3 and NLRP1 inflammasomes, rather than
the NLRC4 inflammasome, were associated with the
development of RA [51, 52]. Under pathological condi-
tions, pyroptosis require two signals for the assembly of the
inflammasome and the activation of caspase-1 [53]. The
first signal promotes the expression of genes and proteins
that are components of the inflammasome and proin-
flammatory cytokine precursors under stress states. The
second signal can promote the assembly of the inflamma-
some complex and cleave the proinflammatory cytokine
precursors into their mature forms [54]. Ca2+ and H+ can
both efficaciously activate the NLRP3 inflammasome,
which is attributed to the release of the proinflammatory
cytokines IL-1β and IL-18.

A gene polymorphism in the NLRP3 inflammasome
was detected in a Swedish population of RA patients [33],
and the expression of the NLRP3 inflammasome was
shown to be significantly increased in their peripheral
blood cells. Another study found that the inhibition of the
NLRP3 inflammasome by A20 has a protective effect in
RA patients. Cell pyroptosis occurs in RA [35], but the
specific mechanism remains unclear. The low pH of joint
fluid is a main pathogenic feature of RA. Our study
indicates that AA rats express high levels of the compo-
nents of the NLRP3 inflammasome (ASC, NLRP3 and
caspase-1). The conventional anti-RA drug aspirin
reversed the increase in expression of the inflammasome
proteins IL-1β and IL-18 and also suppressed the degen-
eration of articular cartilage Col 2a, which had a protec-
tive effect in RA patients. Thus, articular chondrocyte
pyroptosis occurs during AA progession, and the con-
ventional anti-RA drug aspirin inhibits pyroptosis in
chondrocytes. Moreover, extracellular acidosis upregu-
lated the expression of the components of the NLRP3
inflammasome (ASC, NLRP3, and caspase-1), IL-1β and

IL-18. The cells showed positive results after AO/EB
staining, and the release of LDH was upregulated.

Our previous study also found that pH 6.0 acidosis
treatment could significantly induce apoptosis in articular
chondrocytes. Studies have suggested that extracellular
acidosis increases the concentration of intracellular Ca2+ by
activating ASIC1a. We speculate that ASIC1a plays a cri-
tical role in pyroptosis in chondrocytes during the process
of RA and that Ca2+ participates in the mediation of pyr-
optosis. The results of our study show that the inhibitor of
ASIC1a amiloride reversed the increase in expression of
ASIC1a, inflammasome proteins, IL-1β and IL-18. We also
found that amiloride suppressed the degeneration of
articular cartilage Col 2a, which has a protective effect in
RA patients.

In order to determine the mechanisms of ASIC1a-
mediated pyroptosis in chondrocytes in AA rats, we incu-
bated primary articular chondrocytes at pH 6.0 to simulate
the microenvironment of articular chondrocytes and then
induced stimulation with Pctx-1 to explore the effects of
ASIC1a on pyroptosis in chondrocytes. We found that the
cells stimulated by pH 6.0 showed high expression of
ASIC1a, the components of the NLRP3 inflammasome, and
IL-1β and IL-18. The cells also stained positive for AO/EB,
and LDH was upregulated. Furthermore, Pctx-1 reversed
the effects of extracellular acidosis on primary articular
chondrocytes.

ASIC1a mediates Ca2+ permeability and that intracel-
lular [Ca2+]i is closely linked to pyroptosis in cells as pre-
viously mentioned. We investigated whether increasing
intracellular [Ca2+]i mediated by ASIC1a is associated
with acidosis-induced pyroptosis in primary articular
chondrocytes. We found that the chelating agent Ca2+

BAPTA-AM could suppress pyroptosis induced by acidosis
in primary articular chondrocytes. Overall, ASIC1a med-
iates extracellular acidosis-induced pyroptosis in primary
articular chondrocytes, and Ca2+ is associated with this
process.

In summary, the intra-articular accumulation of inflam-
matory metabolites results in a decrease in the pH of joint
fluid and activates ASIC1a, which promotes Ca2+ flow into
cells. The upregulation of intercellular [Ca2+]i contributes to
the expression, aggregation and assembly of the NLRP3
inflammasome, followed by the activation of caspase-1,
whose main function is to cleave pro-IL-1β and pro-IL-18
into their biologically active forms. Although Ca2+ is
associated with ASIC1a-mediated pyroptosis in primary
articular chondrocytes, other specific mechanisms may be
involved in the process. Nonetheless, we conclude that this
study indicates that it may be possible to devlop effective
drugs for RA that target the inhibition of pyroptosis and IL-
1β/18.

Fig. 6 Activation of ASIC1a promoted extracellular acidosis-induced
pyroptosis in primary articular chondrocytes and the upregulation of
intracellular [Ca2+ ]i. a Pctx-1 inhibited pyroptosis induced by
extracellular acidosis in primary articular chondrocytes by AO/EB
staining, semi-quantitative results. b Pctx-1 downregulated the
expression of ASC and NLRP3 in primary articular chondrocytes by
immunofluorescence. c Pctx-1 downregulates intracellular [Ca2+]i by
laser scanning confocal microscopy. The data are presented as
the mean ± SEM of three wells in three independent experiments,
*P < 0.05, **P < 0.01 vs. pH 7.4 group; #P < 0.05, ##P < 0.01 vs. pH 6.0
group
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Fig. 7 Role of Ca2+ in extracellular acidosis-induced pyroptosis in
primary articular chondrocytes. a Chelating agents of Ca2+ BAPTA-
AM inhibited pyroptosis induced by extracellular acidosis in primary
articular chondrocytes by western blotting for ASC, NLRP3 and
cleaved caspase-1p10. b BAPTA-AM inhibited the levels of IL-1β and
IL-18 in culture medium. c Effects of BAPTA-AM on extracellular
acidosis-induced pyroptosis in primary articular chondrocytes by real-
time PCR. d BAPTA-AM resisted the release of LDH in primary

articular chondrocytes. e BAPTA-AM inhibited pyroptosis induced by
extracellular acidosis in primary articular chondrocytes by AO/EB
staining, semi-quantitative results. f BAPTA-AM reduced the levels of
ASC and NLRP3 in primary articular chondrocytes by immuno-
fluorescence. The data are presented as the mean ± SEM of three wells
in three independent experiments, *P < 0.05, **P < 0.01 vs. pH 7.4
group; #P < 0.05, ##P < 0.01 vs. pH 6.0 group
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